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Oxidation strongly influences the properties of magnetic layers employed in spintronic devices.
We studied the effect of oxidation on the structural, magnetic, and electrical properties as well as
current-induced spin-orbit torques (SOT) in Pt/Co/AlOx, Pt/CoOx/Co/AlOx, and PtOx/Co/AlOx
layers. We show how the saturation magnetization, perpendicular magnetic anisotropy, anomalous
Hall resistance, and SOT are systematically affected by the degree of oxidation of both the Pt/Co
and Co/Al interfaces. Oxidation of the Co/Al interface results in a 21% and 42% variation of
the damping-like and field-like SOT efficiencies, which peak at 0.14 and 0.07, respectively. The
insertion of a paramagnetic CoOx layer between Pt and Co maintains a very strong perpendicular
magnetic anisotropy and improves the damping-like and field-like SOT efficiencies, up to 0.26 and
0.20, respectively. In contrast with recent reports, we do not find that the oxidation of Pt leads to a
significant enhancement of the torques. Rather, we find that oxygen migrates from Pt to the Co and
Al layers, leading to a time-dependent oxidation profile and an effective spin Hall conductivity that
decreases with increasing oxygen concentration. Finally, we studied current-induced switching in
Pt/Co/AlOx with different degrees of oxidation and found a linear relationship between the critical
switching current and the effective magnetic anisotropy controlled by the oxidation of Al. These
results highlight the importance of interfaces and oxidation effects on the SOT and magnetotransport
properties of heavy metal/ferromagnet/oxide trilayers, and provide information on how to improve
the SOT efficiency and magnetization-switching characteristics of these systems.
I. INTRODUCTION
Heavy metal/ferromagnet/oxide (HM/FM/Ox) trilay-
ers are a fundamental component of spintronic de-
vices [1–4] due to their tunable perpendicular magnetic
anisotropy (PMA) [5], relatively high Curie tempera-
ture [6], fast dynamics [7], and compatibility with back-
end-of-line CMOS processes [8, 9]. In recent years,
current-induced spin-orbit torques (SOT) have emerged
as a powerful tool to manipulate the magnetization of
these systems [10–17]. SOT rely on the spin Hall effect
of the HM as well as on Rashba-type interfacial effects in
order to convert an in-plane charge current into a non-
equilibrium spin accumulation, which diffuses into the
FM and transfers angular momentum to the local mag-
netization via the s-d exchange interaction [17]. Sym-
metry considerations show that the current-induced spin
accumulation allows for two types of torques, namely the
damping-like and field-like SOT [14, 18].
Several studies have shown that modifying the inter-
face oxidation in HM/FM/Ox trilayers leads to substan-
tial changes of the magnetic properties. Early reports
focused on the effect of interface oxidation on the mag-
netic anisotropy [5, 19–22]. Following the discovery of
SOT, the focus has shifted towards using oxidation as a
tool to modify the SOT and current-induced switching
characteristics by either engineering the oxidation of the
top layer during growth [11, 23–29] or post-growth dy-
namic modification of the oxidation profile by applying
a gate voltage [30–32].
Very recently, the oxidation of the HM layer has
been found to dramatically improve the SOT effi-
ciency of trilayer structures such as W/CoFeB/TaN [33],
Pt/Ni81Fe19/SiO2 [34], and Pt/CoTb/MgO [35]. In
PtOx/Ni81Fe19/SiO2, the SOT efficiency reaches a maxi-
mum of 0.9 for fully oxidized Pt, which implies that most
of the charge current is converted into a spin current,
even though no current actually flows through Pt [34].
All of these studies focused on the oxidation of one inter-
face only, leaving open questions in regard to the effects
of oxidation on either interface of the same system or on
the FM itself. Further, the strong increase of the SOT
efficiency reported for oxidized Pt is very promising as
a means to achieve switching at low current density, but
needs to be confirmed in other systems, particulary in
trilayers exhibiting PMA.
In this article, we report a systematic study of the ef-
fects of oxidation on the structural, electrical, and mag-
netic properties of Pt/Co/AlOx trilayers, as well as of
the current-induced SOT and magnetization switching
characteristics. We find that oxidation of the Co/Al and
Pt/Co interfaces, and of the Co layer itself, influences
the above properties in distinct ways. More specifically,
we find that oxidation of either the Co/Al or Pt/Co in-
terface has a sizeable effect on the SOT. The strongest
effects is observed upon oxidation of the Pt/Co inter-
face, pinpointing the critical role of this interface in the
spin currents giving rise to the SOT. The insertion of a
thin CoOx layer next to Pt leads to a 100% increase of
the SOT efficiency for both damping-like and field-like
torques, whereas structures with oxidized Pt present sig-
nificantly lower efficiencies compared to Pt/Co/AlOx and
recent studies [34, 35]. Additionally, we find that, while a
single layer of PtOx remains stable after oxidation, PtOx
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FIG. 1. Schematic cross-section of the samples employed in this study: (a) Pt/Co/AlOx, (b) Pt/CoOx/Co/AlOx and (c)
PtOx/Co/AlOx. (d) Micrograph of a patterned Hall bar after photolithography. The scale bar is 50 µm. (e) Schematic
diagram of the experimental geometry and coordinate system. A positive current is injected along the x direction, m is the
unitary magnetization and Bext is the external field.
is strongly reduced upon deposition of the Co/Al overlay-
ers due to oxygen diffusion towards Co and Al. Finally,
we show that the oxidation of Al can be used to tune the
critical current for switching of the Co layer, which is di-
rectly proportional to the strength of the perpendicular
magnetic anisotropy controlled by oxidation. These re-
sults highlight the importance of tuning and preserving
the oxidation profiles in HM/FM/Ox trilayers in order
to control the SOT efficiency and magnetic anisotropy of
these systems.
II. SAMPLE CHARACTERIZATION
A. Sample fabrication
We grew three series of samples on Si3N4 wafers using
dc magnetron sputtering with base pressure <8.0 ×10−8
Torr and Ar pressure between 0.3 and 1.1 mTorr. The
first series, which we refer to as Pt/Co/AlOx, was ob-
tained by depositing an Al wedge with thickness 12.8 -
19.5 A˚ on a Pt(5)/Co(1) bilayer (the numbers between
parentheses represent the thickness in nm). After de-
position of the full metallic stack, an oxygen plasma
with 10.0 mTorr pressure and 53 W power was used
to oxidize the Al wedge with the purpose of obtain-
ing over- and under-oxidized regions of the top Co in-
terface [Fig. 1(a)]. We note that the easy magne-
tization axis is perpendicular to the sample plane for
an Al thickness tAl = 13.4 − 18.9 A˚, whereas be-
yond this range the easy axis is in-plane, in agreement
with previous reports [5, 19, 20]. The second series
is Pt(5)/CoOx(tCoOx)/Co(0.65)/AlOx(1.85), which was
grown by depositing a CoOx wedge layer with thick-
ness tCoOx = 2.1 − 4.9 A˚ on Pt by reactive sput-
tering of Co with an O2:(Ar+O2) ratio of 50% [Fig.
1(b)]. In this series, tAl was fixed at 1.85 nm in or-
der to ensure PMA for all the samples. The third se-
ries is PtOx(5)/Co(1)/AlOx(2.5) [Fig. 1(c)]. Unlike
the first two series, which have a wedge structure, this
series includes seven different samples grown with an
O2:(Ar+O2) ratio ranging between 0 and 60% during
deposition of the Pt layer. All the samples of the third
series have in-plane magnetic anisotropy (IMA) result-
ing from the under-oxidation of the relatively thick Al
cap layer. This choice was made in order to have the
same type of magnetic anisotropy in the series, since we
found that the oxidation of Pt reduces the PMA of the
PtOx/Co interface relative to Pt/Co. As reference for the
XPS and electrical measurements, we also deposited sin-
gle PtOx(5) layers on Si3N4 with the same O2:(Ar + O2)
ratios as used for the full PtOx/Co/AlOx trilayers. These
reference samples are not capped in order to avoid oxygen
migration effects. Contact with air is unlikely to influence
the oxygen distribution in single PtOx layers deposited
by reactive sputtering, consistently with the observation
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FIG. 2. XPS spectra of (a) Co in Pt/Co/AlOx(tAl), (b) Pt in PtOx single layers with different O2:(Ar+O2) ratio, and (c)
Co and Pt in PtOx/Co/AlOx with different O2:(Ar+O2) ratio. (d) Angle-resolved XPS of the Al 2p and Pt 4f peaks in
PtOx(40%)/Co/AlOx recorded for three incident angles with respect to the sample’s surface normal. The dashed and dotted
lines show the intensity of the individual peaks derived from a fit of the experimental spectrum (solid line). The dotted (green)
and dashed (red) lines show the model Gaussian/Lorentzian functions used to resolve the contributions of the overlapping
photoelectron signals.
that the resistance remains constant after deposition.
The Pt layers are polycrystalline with [111] preferred
orientation, as confirmed by transmission Kikuchi diffrac-
tion. After deposition, all the samples were diced in two
pieces, one for the characterization of the structure and
magnetization properties and the other for device pat-
terning and SOT measurements. The devices are 10 µm
wide and 50 µm long Hall bars defined by optical lithog-
raphy followed by Ar milling [Fig. 1(d)]. The coordinate
system employed throughout this study is depicted in
Fig. 1(e).
B. XPS
We performed x-ray photoemission spectroscopy
(XPS) in order to characterize the oxidation state of the
first and third series described above. Figure 2(a) shows
the XPS spectra of Pt/Co/AlOx recorded by measuring
photoemission from the Co 2p1/2 and 2p3/2 core levels of
samples with different tAl. The spectra of samples with
tAl > 17.6 A˚ present two peaks at 778.1 and 793.4 eV,
which are characteristic of metallic Co. On the other
hand, the spectra of samples with tAl < 17.6 A˚ show
high energy shoulders at 780.7 and 796.7 eV character-
istic of CoO [19], the intensity of which increases with
decreasing Al thickness. These measurements show that
the Co/Al interface is underoxidized and that Co remains
fully metallic down to tAl = 17.6 A˚, after which CoO
forms. We designate the sample with tAl = 17.6 A˚ as
the “optimized” sample for which the Co/Al interface is
fully oxidized, but Co is not, leading to maximum PMA.
In order to characterize the third series, we first mea-
sured as a reference the XPS spectra of single PtOx(5)
layers. The spectra, reported in Fig. 2(b), show the evo-
lution of the Pt 4f 7/2,5/2 doublet with increasing O2 par-
tial pressure. As the peak of the Pt 4f 5/2 level overlaps
with the Al 2p level around 74.6 eV, typical of Al2O3 [36],
we focus on the behavior of the 4f 7/2 peak. This peak
shifts from 71 eV below 10% O2, as typical of Pt, to
72 eV around 40% O2, characteristic of PtO, and fi-
nally to 73.7 eV at 100% O2, indicating the formation
of PtO2 [34]. These spectra confirm that a single layer
of Pt can be stably oxidized by controlling the amount
of O2 during sputtering. However, the measurements of
the full PtOx/Co/AlOx stack that were performed 6 days
after deposition, shown in Fig. 2(c), reveal quite a differ-
ent picture. In these samples, the Pt 4f 7/2 peak does not
4shift with increasing O2 partial pressure, showing that Pt
is not oxidized. On the other hand, a strong shift of the
Co 2p peaks is observed, indicating the formation of CoO
upon diffusion of oxygen into Co from the Pt side.
The progressive oxidation of the top layers re-
sulting from oxygen diffusion was further confirmed
by angle-resolved XPS, as shown in Fig. 2(d) for
PtOx(40%)/Co/AlOx. The spectra recorded with an in-
creasing emission angle relative to the surface normal,
from 27◦ to 79◦, have a higher degree of surface sen-
sitivity. These spectra reveal a progressive increase of
the Al2O3 intensity relative to Pt, showing that Al is
strongly oxidized, whereas the position of the Pt peak
does not change as a function of incidence angle. Note
that tAl = 25 A˚ in this series, such that Al was supposed
to be underoxidized. Overall, these observations indicate
that PtOx layers are not stable when embedded in a mul-
tilayer structure, as oxygen tends to diffuse away from Pt
and oxidize both the Co and Al layers. Such a behavior
can be rationalized in terms of the enthalpy of forma-
tion of PtOx (-101.3 kJ/mol) [37], which is significantly
lower than that of AlOx (-1675.7 kJ/mol) [38] and CoOx
(-237.4 kJ/mol) [39].
C. Electrical resistance
Figure 3 summarizes the electrical resistance of de-
vices belonging to the three series and of PtOx single lay-
ers. The typical device resistance of Pt/Co/AlOx is 0.33-
0.34 kΩ, which corresponds to a resistivity of 40-41 µΩcm
by assuming that only Pt and Co are conductive. This
assumption is corroborated by the weak dependence of
the resistance on tAl [Fig. 3(a)], which shows that the
oxidation state of the top Co/Al interface does not influ-
ence significantly the conductivity of Pt/Co/AlOx.
Devices belonging to the Pt/CoOx/Co/AlOx series
have a resistance of 0.35-0.36 kΩ, which corresponds to
a resistivity of 40-41 µΩcm. Also in this case we assume
that only Pt and Co are conductive. Note that the resis-
tance is approximately constant as a function of tCoOx ,
suggesting that CoOx is weakly conducting or effectively
an insulator [Fig. 3(b)]. From these two sets of data we
conclude that the oxidation of the Co/Al and Pt/Co in-
terfaces does not have a major impact on the resistivity,
indicating that conduction is dominated by the 5 nm-
thick Pt channel.
The resistances of the reference PtOx layers are shown
in Fig. 3(c) as a function of O2:(Ar+O2) ratio. The
resistance of PtOx increases dramatically with increas-
ing O2 ratio (note the log scale of the plot), indicating
that PtOx becomes nearly insulating for 50-60% of O2.
These results are consistent with the conclusions drawn
from the XPS spectra presented in Fig. 2(b). In con-
trast with the reference PtOx layers, the resistance of
PtOx/Co/AlOx saturates around 40% of O2 rather than
increasing monotonically with O2 ratio, to a value that is
about two orders of magnitude lower compared to PtOx
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FIG. 3. 4-point resistance as a function of (a) tAl
in Pt/Co/AlOx, (b) tCoOx in Pt/CoOx/Co/AlOx, and
O2:(Ar+O2) ratio in (c) PtOx single layers and (d)
PtOx/Co/AlOx. Vertical error bars represent the standard
deviation of the average of different devices from the same
series. Horizontal error bars represent the uncertainty of the
thickness calibration.
single layers. These findings corroborate the oxygen dif-
fusion scenario outlined in Sec. II B.
III. MAGNETIC PROPERTIES
A. Saturation magnetization
We measured the total magnetic moment of each sam-
ple using superconducting quantum interference device
(SQUID) magnetometry in an out-of-plane external field
[see inset of Fig. 4(a) for an example of a magnetization
curve]. The saturation magnetization Ms is obtained by
dividing the saturation magnetic moment by the nomi-
nal volume of the Co layer. Figures 4(a-c) show how Ms
varies in the three series.
In Pt/Co/AlOx, Ms increases with increasing tAl until
it saturates around tAl = 17.6 A˚ [Fig. 4(a)]. This behav-
ior is consistent with the formation of CoO with antifer-
romagnetic correlations for tAl < 17.6 A˚ and the metallic
character of Co evidenced by XPS for tAl ≥ 17.6 A˚.
In Pt/CoOx/Co/AlOx, Ms decreases monotonically as
a function of tCoOx [Fig. 4(b)], which we ascribe to sev-
eral factors. First, some of the oxygen initially present
in CoOx likely diffused into the metallic Co part, thus
reducing Ms. Since the total amount of oxygen is pro-
portional to tCoOx and tCo is fixed, we expect that this
effect becomes more pronounced with increasing tCoOx .
Second, the deposition of a CoOx layer between Pt and
Co strongly reduces the proximity magnetization in Pt,
5  
2 3 4 5
9
10
11
12
M
s
(1
0
5
A
/m
)
Pt/CoO
x
/Co/AlO
x
0 20 40 60
0
5
10
15
PtOx/Co/AlOx
 2 days  14 days
 
M
s
(1
0
5
A
/m
)
O2 ratio (%)
(c)(b)
t
CoO 
(Å)
x
R
A
H
E
(W
)
O
2
 ratio (%)
2 3 4 5
0.16
0.17
0.18
0.19
R
A
H
E
(W
)
(d) (f)(e)
t
CoO 
(Å)
x
(a)
13 15 17 19
4
8
12
16
-0.3 0.0 0.3
-1
0
1
M
(
1
0
-
5
e
m
u
)
tAl = 17.6ÅM
s
(1
0
5
A
/m
)
Pt/Co/AlO
x
t
Al 
(Å)
B
z
 
(T)
0 20 40 60
0
2
4
6 2 days 14 days
13 15 17 19
0.1
0.2
0.3
R
A
H
E
(W
)
t
Al 
(Å)
FIG. 4. Saturation magnetization as a function of (a) tAl in Pt/Co/AlOx, (b) tCoOx in Pt/CoOx/Co/AlOx, and (c) O2:(Ar+O2)
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in (c) and (f) were obtained, respectively, 2 and 14 days after the deposition of PtOx/Co/AlOx. Vertical error bars represent
the standard deviation of the average of different devices from the same series. Horizontal error bars represent the uncertainty
of the thickness calibration.
thus reducing Ms. Based on measurements of Ms in
Pt/Co bilayers separated by ultrathin metal spacers, we
estimate the latter effect to account for a loss of about
2× 105 A/m [40].
In PtOx/Co/AlOx, Ms decreases by about a factor 7
as the O2 ratio increases from 0 to 40% and beyond [Fig.
4(c)]. This trend is consistent with the significant dif-
fusion of oxygen into the metallic Co layer evidenced
by XPS as well as with the resistance measurements
presented above. Measurements of PtOx/Co/AlOx per-
formed 2 and 14 days after growth [solid and open sym-
bols in Fig. 4(c)] further show that Ms changes with time
for the intermediate oxidation ratios (20-40%), suggest-
ing that oxygen diffusion is a relatively slow process.
B. Anomalous Hall resistance
The anomalous Hall effect (AHE) was measured by
using the harmonic Hall voltage method described in
Refs. 14 and 41. Representative AHE measurements for
the different samples are reported in the Appendix. Fig-
ures 4(d-f) show the anomalous Hall resistance coefficient
RAHE in the three sample series. In the Pt/Co/AlOx
series, we find that RAHE increases and then saturates
as a function of tAl, similar to Ms [Fig. 4(d)]. This
behavior shows that RAHE depends on the volume frac-
tion of metallic Co, which increases with increasing tAl.
Additionally, we observe that RAHE approaches satu-
ration faster than Ms, indicating that the AHE in-
creases upon interfacial oxidation of Co, in agreement
with previous work [43], which we attribute to enhanced
electron scattering at the Co/AlOx interface. In the
Pt/CoOx/Co/AlOx series, we find that RAHE increases
monotonically with tCoOx , opposite to the behavior of
Ms [Fig. 4(e)]. Although the relative change of RAHE is
small, this observation corroborates the conclusion that
moderate oxidation of the Co interfaces, and possibly of
the Co grain boundaries, enhances the AHE. These re-
sults are consistent with a previous study of the AHE
in MgO/[Co/Pt]3/MgO multilayers, which evidenced an
increase of RAHE upon insertion of a CoOx layer between
MgO and Co [44].
The strongest increase of RAHE, by more than one or-
der of magnitude, is found in PtOx/Co/AlOx. In this
series, RAHE reaches a maximum of 4.5 Ω around 40%
O2 ratio, compared to 0.3 Ω in Pt/Co/AlOx, and de-
creases afterwards [Fig. 4(f)]. This nonmonotonic behav-
ior suggests that, in the lower oxidation range (0-40%),
the higher resistivity of Pt causes a larger current flow
through Co, thereby increasing RAHE. The turning point
at 40% and successive decrease of RAHE can then be at-
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tributed to the strong reduction of Ms that occurs with
the progressive oxidation of Co [Fig. 4(c)]. In this case,
the difference between samples measured 2 and 14 days
after deposition is substantial, which shows that changes
in the oxidation profile influence the Hall conductivity
more strongly than Ms.
C. Magnetic anisotropy
The magnetic anisotropy was characterized by measur-
ing the effective anisotropy field BeffK . For samples with
either uniaxial or easy plane anisotropy, this field is given
by
BeffK = BK +Bdem =
2
µ0Ms
K − µ0Ms, (1)
where K is the anisotropy constant, including the effects
of the magnetocrystalline and interface anisotropy, µ0
the permeability of vacuum, and the last term represents
the demagnetizing field of a thin film. Following Eq. 1,
samples with PMA have BeffK > 0, whereas samples with
IMA have BeffK < 0.
Both Pt/Co/AlOx and Pt/CoOx/Co/AlOx present
PMA with a dominant uniaxial behavior. BeffK was mea-
sured by fitting the anomalous Hall resistance as a func-
tion of a magnetic field applied perpendicular to the easy
axis, as detailed in the Appendix. Figure 5(a) shows BeffK
as a function of tAl in the Pt/Co/AlOx series. With
increasing tAl, B
eff
K decreases almost in a linear fashion
from 1.7 T to 0.4 T; samples with tAl > 18.9 A˚ have
in-plane magnetization. This trend is attributed to the
linear increase of Ms in the over-oxidized range (tAl =
13.4-16.9 A˚) [Fig. 4(a)]. In this range, the top and bot-
tom interfaces do not change significantly so that BeffK is
mostly affected by the change of the demagnetizing field,
which is directly proportional to Ms. In the optimally-
oxidized and under-oxidized range (tAl = 17.6-18.9 A˚),
Ms remains approximately constant, but the oxidation of
the top Co interface (higher Co/Al interface anisotropy
K
Co/Al
i ) leads to an increase of the PMA [45].
In the Pt/CoOx/Co/AlOx series, B
eff
K remains close to
1.7 T in the entire CoOx thickness range [Fig. 5(b)], de-
spite the moderate decrease of Ms as a function of tCoOx
[Fig. 4(b)]. We attribute this behavior to the strong
PMA induced by the CoOx/Co interface, as suggested
by previous studies [46, 47].
The samples belonging to the PtOx/Co/AlOx series
have IMA. BeffK in this case was estimated by the mag-
netic field required to saturate the sample in the hard
out-of-plane direction, as described in Ref. 40. Figure
5(c) shows BeffK as a function of the O2 ratio measured 2
and 14 days after deposition. We identify two different
regimes below and above 20% of O2. B
eff
K decreases going
from 0 to 10% O2, presumably due to the oxidation of
Pt at the Pt/Co interface at this low O2 concentration.
However, at 20% O2 ratio B
eff
K suddenly approaches zero
and then decreases again for larger O2 ratios. One plau-
sible explanation of this peculiar behavior is that oxy-
gen diffuses through Co up to the Al interface with in-
creasing O2 ratio. At 20% O2, the Co/Al interface is
oxidized, leading to PMA and almost complete compen-
sation of the demagnetizing field. Further increasing the
O2 ratio leads to a decrease of B
eff
K due to oxygen dif-
fusing throughout the Co layer, as shown by the more
pronounced decrease of BeffK after 14 days.
Overall, this set of data proves that the magnetic prop-
erties of Pt/Co/Al trilayers are extremely sensitive to the
oxidation of both the top and bottom Co interfaces as
well as to the oxygen concentration within the layers.
IV. SPIN-ORBIT TORQUES
In our experimental geometry, and to the lowest or-
der in the unitary magnetization m = M/Ms, where
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FIG. 6. (a) BDL,FL, (b) ξDL,FLj and (c) ξ
DL,FL
E as a function of tAl in Pt/Co/AlOx. (d-f) Same quantities as a function of
tCoOx in Pt/CoOx/Co/AlOx and (g-i) O2:(Ar+O2) ratio in PtOx/Co/AlOx. The data shown as solid and open symbols in (g-i)
were obtained, respectively, 2 and 14 days after the deposition of PtOx/Co/AlOx. Vertical error bars represent the standard
deviation of the average of different devices from the same series. Vertical error bars represent the standard deviation of the
average of different devices from the same series. Horizontal error bars represent the uncertainty of the thickness calibration.
M is the magnetization, the SOT is given by the
sum of damping-like (DL) and field-like (FL) compo-
nents [14, 17],
T = TDLm× (m× y) + TFLm× y, (2)
where y represents the direction of the current-induced
spin polarization. For characterization purposes, it is
convenient to work with the two effective magnetic fields
corresponding to the damping-like and field-like torques,
BDL = TDL ×m = BDL(m× y), (3)
BFL = TFL ×m = BFLy. (4)
The advantage of the effective field formulation is that
their action on the magnetization can be directly com-
pared to that of an external field of known magnitude
and direction, which allows for quantifying BDL and
BFL by means of a variety of techniques [17]. Here we
measure BDL and BFL using the harmonic Hall voltage
method [14, 15, 41, 48]. A description of the method,
representative second harmonic Hall resistance measure-
ments of the different samples as well as the analysis of
thermal voltages and planar Hall effect are reported in
the Appendix. For simplicity, we focus on the effects
of oxidation on the lowest order SOT terms (Eq. 2); a
discussion of the higher order terms, i.e., of the angular
dependence of the SOT, is given in Refs. 14, 29, 49, and
50.
The fields BDL and BFL scale inversely with the thick-
ness of the ferromagnet. Therefore, in order to compare
the SOT in different systems, we consider the SOT effi-
8ciencies
ξDL,FLj =
2e
~
MstCo
BDL,FL
j
, (5)
where tCo is the thickness of the Co layer, ~ the reduced
Planck constant, and j the injected current density ob-
tained by dividing the current by the cross section of the
conductive layers. The current density applied to study
the SOT in the Pt/Co/AlOx and Pt/CoOx/Co/AlOx se-
ries was 1.0×107 A/cm2, which was calculated by divid-
ing the total current by the width of the Hall bar and
the sum of the thickness of the Pt and Co layers, respec-
tively, 6 and 5.65 nm. For the PtOx/Co/AlOx series, we
applied a current of 1 mA, which corresponds to a cur-
rent density of 1.7 × 106 A/cm2 when considering both
PtOx(5) and Co(1) as the conductive layers.
Because the current distribution is not expected to be
homogeneous in samples made of different layers with
varying degrees of oxidation, we also consider the SOT
efficiency per unit electric field [51]
ξDL,FLE =
2e
~
MstCo
BDL,FL
E
=
ξDL,FLj
ρ
, (6)
where E = ρj is the electric field and ρ is the resis-
tivity. ξDL,FLE can be easily calculated by knowing the
total magnetic moment measured by SQUID and is there-
fore independent of tCo as well as on any assumption on
the current distribution and the thickness of the conduc-
tive layers. When comparing samples with similar resis-
tivity, it is equivalent to use either ξDL,FLj or ξ
DL,FL
E ,
which can be considered as an effective spin Hall angle
and spin Hall conductivity, respectively. However, for
samples with very different resistivities such as those be-
longing to the PtOx/Co/AlOx series, the electric field
normalization provides a better means of comparison.
Figure 6 summarizes the results obtained on the three
sample series for BDL,FL, ξDL,FLj , and ξ
DL,FL
E , which we
discuss in detail below.
A. Pt/Co/AlOx
Here we consider the effect of changing tAl, hence the
oxidation of the Co/Al interface, in the Pt/Co/AlOx sys-
tem. As shown in Fig. 6(a), the effective fields BDL,FL
decrease monotonically as a function of tAl. This decrease
mostly reflects the increase of Ms as the Co layer changes
from over- to under-oxidized (see Sec. III A). Accordingly,
the SOT efficiencies show a weaker dependence on tAl.
ξDL,FLj and ξ
DL,FL
E decrease slowly up to tAl = 16.9 A˚,
and then increase rather abruptly from tAl = 16.9 to
17.6 A˚ [Fig. 6(b,c)]. As the latter thickness corresponds
to the optimal oxidation of the Co/AlOx interface (see
Sec. II B), we attribute the local maxima of ξDL,FLj and
ξDL,FLE to the enhancement of the charge transfer and en-
suing interfacial electric field between the Co and AlOx
layers. We note that this enhancement affects both the
damping-like and field-like components of the SOT, as
expected from the spin current contributions originating
from spin-orbit coupling and spin-dependent scattering
at interfaces [52–54]. Moreover, the larger SOT efficien-
cies found for the optimized samples are consistent with
the larger torkances (torques per unit electric field and
unit magnetization) calculated ab-initio for Pt/Co/O rel-
ative to Pt/Co/Al [55].
The sign of the field-like SOT is such that BFL opposes
the Oersted field generated by the current flowing the Pt
layer. ξDLj (ξ
FL
j ) and ξ
DL
E (ξ
FL
E ) peak at 0.14 (0.08) and
3.5 (2.1) ×105 (Ωm)−1, respectively, which compares well
with the SOT efficiencies reported in previous studies of
optimized Pt/Co/AlOx [14]. Interestingly, these SOT ef-
ficiencies are consistently larger than those reported for
Pt(5)/Co(1)/MgO(2), where ξDLj (ξ
FL
j ) = 0.11 (0.024)
and ξDLE (ξ
FL
E ) = 2.43 (0.53) ×105 (Ωm)−1 [51]. Such a
difference might be related to the different band align-
ment between Co and either AlOx or MgO, leading to
different interfacial electrical fields and scattering prop-
erties.
B. Pt/CoOx/Co/AlOx
Inserting a 2.1 A˚ thick CoOx layer between Pt and Co
leads to an enhancement of the SOT effective fields and
efficiencies by about a factor 2 compared to the optimized
Pt/Co/AlOx trilayer [Fig. 6(d-f)]. This remarkable re-
sult indicates that the Pt/CoOx and CoOx/Co interfaces
are very efficient in transferring spins from Pt to Co.
Given that the Ne´el and blocking temperatures of CoO
are well below room temperature in films thinner than
10 nm [56], the spin transfer across the insulating CoOx
layer is likely mediated by antiferromagnetic spin fluctu-
ations, as found for the reciprocal effect of spin pump-
ing in Y3Fe5O12/NiO/Pt and Y3Fe5O12/CoO/Pt trilay-
ers [57, 58]. In such cases, a pronounced maximum of
the pumping efficiency was reported when approaching
the Ne´el temperature of the antiferromagnet [59]. Dif-
ferently from these studies, however, here the FM layer
is metallic and the spin current flows towards the FM,
which is extremely promising for the efficient manipula-
tion of the magnetization by an electric current. Addi-
tionally, we find that ξDL,FLj and ξ
DL,FL
E decrease upon
increasing the thickness of the CoOx layer, consistently
with diffusive spin transport mediated by correlated spin
fluctuations [57]. Such a decrease shows that a signifi-
cant fraction of the spin current giving rise to the SOT
originates from either the Pt or the Pt/CoOx interface.
However, we also observe that ξDL,FLj and ξ
DL,FL
E tend
to saturate towards finite values rather than tending to
zero, which may indicate that the CoOx/Co interface also
contributes to generating a spin current [52–54]. Overall,
these results indicate that the insertion of a thin param-
agnetic CoOx layer significantly improves the charge-spin
conversion efficiency of HM/FM/Ox structures at a very
9small cost in terms of material engineering, consistently
with recent reports [60, 61].
C. PtOx/Co/AlOx
The oxidation of Pt leads to a very different behavior
compared to the oxidation of Co. Figures 6(g-i) show
the SOT effective fields and efficiencies measured 2 days
(full symbols) and 14 days (open symbols) after deposi-
tion of the PtOx/Co/AlOx series. Note that the values
of BDL,FL at 0% O2 ratio, i.e., for unoxidized Pt, are
lower than reported for Pt/Co/AlOx [Fig. 6(a)] because
the current density employed in these measurements was
about a factor 6 smaller compared to the Pt/Co/AlOx
series, whereas ξDL,FLj and ξ
DL,FL
E are comparable. We
recall also that changing the O2 ratio from 0 to 30%
O2 leads to about a 10-fold increase of the resistance
(Sec. II C) and RAHE (Sec. III B) as well as to a 3-fold
decrease of Ms (Sec. III A). The samples of these series
have IMA, the strength of which varies with the O2 ratio
(Sec. III C).
Figure 6(g) shows that BDL,FL increase first by about
a factor 10 as the O2 ratio reaches 30% and then de-
crease by an amount that depends on the time elapsed
between the deposition and the measurements. Sam-
ples measured 20 days after deposition show the same
SOT compared with the measurements performed after
14 days, suggesting that the oxidation profiles becomes
stable after several days. The initial increase of BDL,FL
is partly assigned to the reduction of Ms, as shown by the
comparatively smaller change of ξDL,FLj [Fig. 6(h)]. ξ
DL
j
and ξFLj peak at 0.30 and 0.07, respectively, close to 20%
O2 ratio. Our XPS measurements, however, show that
Pt is not significantly oxidized at this ratio, as oxygen
migrates towards the Co and Al layers (Sec. II B). A pos-
sible reason for this initial enhancement of ξDL,FLj could
be the spontaneous formation of a CoOx layer next to Pt,
in analogy with the results reported in Sec. IV B. Yet, it is
unlikely that oxygen migration will lead to the formation
of a homogenous CoOx layer between Pt and metallic
Co, similar to the Pt/CoOx/Co/AlOx series. Further,
measurements of the magnetic anisotropy suggest that
oxygen reaches the Co/Al interface at around 20% O2
ratio (Sec. III C). It is therefore likely that the peak of
ξDL,FLj reflects a change of the current distribution in
the PtOx/Co/AlOx layers rather than a true increase of
the SOT efficiency. For example, if oxygen from the top-
most part of the PtOx layer migrates towards Al, most
of the current will flow close to the Pt/Co interface, lead-
ing to an apparent increase of ξDL,FLj . We recall that,
for consistency between different samples, ξDL,FLj is cal-
culated by assuming a constant cross-section for current
flow, proportional to the total thickness of the PtOx and
Co layers.
Further insight into the dependence of the SOT on
the O2 ratio can be gained by analyzing the behavior of
ξDL,FLE , which does not depend on the current distribu-
tion. Figure 6(i) shows that ξDL,FLE decreases monotoni-
cally with increasing O2 ratio. Specifically, ξ
DL
E starts
at 2.98 × 105 (Ωm)−1 at 0% O2 and reaches 0.13 ×
105 (Ωm)−1 at 60% O2; ξFLE shows a similar decreas-
ing trend, from 0.63×105 (Ωm)−1 to 0.01×105 (Ωm)−1.
According to Eq. 6, for measurements performed at con-
stant current, ξDL,FLE ∝ BDL,FLMs/R. The strong de-
crease of ξDL,FLE is thus ascribed to the increment of R
and reduction of Ms that occur upon augmenting the O2
ratio.
Our results are in stark contrast with previous work
carried out on PtOx/Ni81Fe19/SiO2 trilayers [34, 35], in
which both ξDL,FLj and ξ
DL,FL
E were found to increase
monotonically with O2 ratio, up to ξ
DL
j (ξ
FL
j ) = 0.92
(0.19) and ξDLE (ξ
FL
E ) = 8.7 (1.8) ×105 (Ωm)−1 at 100%
O2. In the following, we discuss possible reasons for this
discrepancy. First, the FM and cap layers are differ-
ent, which may result in significant differences in both
oxygen diffusion and oxidation profile as well as in the
generation and transmission of spin currents at inter-
faces. Second, the measurements of BDL,FL in Refs. 34
and 35 were performed by spin-torque ferromagnetic res-
onance (FMR) and by measuring the broadening of the
FMR lineshape upon dc current injection. The current
and field normalizations required to calculate ξDL,FLj and
ξDL,FLE in Refs. 34 and 35 were carried out by assum-
ing current flow in the Ni81Fe19 layer only and constant
resistance, respectively. The current normalization af-
fects the absolute value of ξDL,FLj , but would not in-
duce a different trend as a function of O2 ratio com-
pared to ours, since we also assume a constant cross
section for the current. The electric field normalization
required to calculate ξDL,FLE is more critical, since the
resistance increases continuously as a function of O2 ra-
tio in PtOx/Ni81Fe19/SiO2 [34]. However, even assuming
a constant resistance, we do not observe a monotonous
increase of ξDL,FLE . We also note that assumptions on
the distribution of the current as well as on the differ-
ent contributions to the FMR lineshape can significantly
affect the determination of the effective fields by spin-
torque FMR [62]. Finally, no hints of post-deposition
oxygen diffusion or changes of Ms were reported for ei-
ther PtOx/Ni81Fe19/SiO2 or PtOx/CoTb/MgO [34, 35],
but also not specifically analyzed, which prevents a more
stringent comparison with our results.
V. CURRENT-INDUCED SWITCHING
By increasing the current density beyond a criti-
cal threshold jc ≈ 107 − 108 A/cm2, the SOT be-
come large enough to reverse the magnetization of tri-
layers with strong PMA, such as Pt/Co/AlOx [11,
63], Pt/Co/MgO [12], Ta/CoFeB/MgO [41, 64], and
Pt/[Co/Ni]N/Al [65]. Magnetization reversal is driven by
the damping-like torque [11]; the field-like torque, which
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FIG. 7. (a) Out-of-plane component of the magnetization Mz = R
ω
H/RAHE of Pt/Co/AlOx (dotted and solid black lines) and
Pt/CoOx/Co/AlOx (red dashed line) as a function of dc current density during a switching loop. (b) jc versus j
MS
c calculated
using Eq. 7. (c) jc as a function of B
eff
K . In (b) and (c) black squares and red triangles represent data for Pt/Co/AlOx and
Pt/CoOx/Co/AlOx, respectively. The dashed lines represent linear fits to jc of Pt/Co/AlOx. Up (down) triangles denote
Pt/CoOx/Co/AlOx samples with ξ
DL
j = 0.26 (0.19). All data have been acquired in the presence of a constant field Bx =
+70 mT for Pt/Co/AlOx and Bx = +410 mT for Pt/CoOx/Co/AlOx. Note that jc could not be measured for all the samples
of the Pt/CoOx/Co/AlOx series as the specimens with thicker CoOx were irreversibly modified by the current.
is equivalent to a hard axis field, facilitates the switching
by lowering the energy barrier for domain nucleation and
propagation [7, 10, 66]. As the damping-like torque is
perpendicular to both the current direction and the nor-
mal to the plane, an in-plane external field Bx parallel to
the current is required in order to break the symmetry
of the system and determine the polarity of the switch-
ing [11, 17]. In the macrospin approximation, the critical
switching current is given by [67]
jMSc =
2e
~
MstCo
ξDLj
(
BeffK
2
− Bx√
2
)
. (7)
Although SOT-driven magnetization switching in struc-
tures with lateral dimensions larger than about 20 nm
occurs by nucleation and expansion of magnetic do-
mains [7, 24, 68–70], this expression provides a useful
starting point to evaluate the dependence of jc on criti-
cal material parameters.
In realistic systems, jc depends on the parameters
appearing in Eq. (7) as well as on the Dzyaloshinski-
iMoriya interaction, domain pinning field, device ge-
ometry, size, temperature, and duration of the current
pulses [7, 63, 71–76]. The temperature, which is deter-
mined by the current distribution as well as by the ther-
mal conductivity of the different materials in the stack,
plays a major role, both in activating the switching as
well as in changing critical parameters such as Ms, BK,
and ξDLj during switching. These factors vary signifi-
cantly, even among nominally similar material systems
reported in the literature [17], so that a comparative
study of the critical switching current versus magnetic
anisotropy or SOT efficiency is hard to achieve. Here we
use the controlled oxidation of the top Co interfaces in
Pt/Co/AlOx in order to investigate such effects.
Figure 7(a) shows the switching of the out-of-plane
magnetization of Pt/Co/AlOx with tAl = 16.3 and
17.6 A˚ (dotted and solid black line, respectively) mea-
sured by the change of the anomalous Hall resistance
during a sweep of a dc current in the presence of a con-
stant field Bx = +70 mT. The curve represents the nor-
malized signal Mz = R
ω
H/RAHE, where R
ω
H is the first
harmonic Hall resistance (see Appendix). The dashed
red line shows the switching of Pt/CoOx/Co/AlOx with
tCoOx = 2.1 A˚ in the presence of a constant field
Bx = +410 mT. The square loops indicate full switch-
ing of the magnetic layer with current in both types of
samples. However, there are noticeable differences in the
threshold current at which the magnetization switches,
which we discuss below. In the following, the critical
switching current density is defined as the current for
which Mz = 0.
Figure 7(b) shows the experimental jc versus the
macrospin jMSc calculated using Eq. 7 for Pt/Co/AlOx
(black squares) and Pt/CoOx/Co/AlOx (red triangles).
As seen in Sec. III, reducing the oxidation of the top Co
interface of Pt/Co/AlOx increases Ms and decreases B
eff
K
by about a factor 4, whereas ξDLj changes by about 40%
depending on tAl. Accordingly, we find that jc scales lin-
early with jMSc , which in turn is proportional to Ms/ξ
DL
j
times BeffK reduced by the constant in-plane field Bx. The
plot further shows that jc is about one order of magnitude
smaller than predicted by jMSc and has a nonzero inter-
cept for jMSc → 0. The strong reduction of jc compared
to the macrospin threshold can be explained by the fact
that magnetization reversal occurs by domain nucleation
and propagation [7, 74] and is a thermally activated pro-
cess [77], whereas Eq. 7 assumes coherent reversal at zero
temperature. Further, the nonzero intercept of jc denotes
the presence of a finite activation barrier for switching.
Accordingly, we find that the factor that mostly affects
jc is the strength of the magnetic anisotropy, as seen by
the linear scaling of jc with B
eff
K in Fig. 7(c).
Samples of the Pt/CoOx/Co/AlOx series have larger
ξDLj and B
eff
K relative to Pt/Co/AlOx and comparable
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or smaller Ms. In Eq. 7 these factors partially com-
pensate, such that jMSc of the Pt/CoOx/Co/AlOx sam-
ples with larger ξDLj [red triangles in Fig. 7(b)] are
close to the lower values of jMSc of the Pt/Co/AlOx se-
ries [black squares in Fig. 7(b)]. However, the exper-
imental jc in Pt/CoOx/Co/AlOx is 30 to 40% that of
Pt/Co/AlOx. The different jc in the two sample se-
ries can be possibly ascribed to the larger Bx employed
to switch the high anisotropy Pt/CoOx/Co/AlOx sam-
ples. In models of spin-transfer torque switching, how-
ever, the barrier for magnetization reversal scales pro-
portionally to BeffK
(
1−Bx/BeffK
)2
[78, 79]. This scal-
ing does not account for the observed reduction of jc
in Pt/CoOx/Co/AlOx. Therefore, we conclude that ei-
ther Bx has a stronger influence on SOT switching rel-
ative to spin transfer torque or there are other factors
that promote switching in Pt/CoOx/Co/AlOx, such as
the field-like torque and the DzyaloshinskiiMoriya inter-
action, whose interplay cannot be discerned in our mea-
surements.
VI. CONCLUSIONS
In summary, we investigated the oxidation effects
on the resistivity, magnetization, magnetic anisotropy,
anomalous Hall resistance, and SOT of Pt/Co/AlOx,
Pt/CoOx/Co/AlOx, and PtOx/Co/AlOx heterostruc-
tures. In all samples, increasing levels of oxidation lead
to a reduction of Ms due to the formation of CoOx.
On the contrary, RAHE decreases with increasing oxida-
tion in Pt/Co/AlOx but increases in Pt/CoOx/Co/AlOx
and PtOx/Co/AlOx, consistently with the AHE being
influenced by the magnetic volume as well as by spin-
dependent scattering at oxidized interfaces.
The magnetic anisotropy is determined by the com-
petition between the PMA of the Pt/Co and Co/Al
interfaces and shape anisotropy. The latter scales as
Ms and is strongly influenced by the oxidation of Co.
In Pt/Co/AlOx, B
eff
K decreases linearly with increasing
tAl, from 1.76 T to 0.36 T going from over-oxidized to
under-oxidized Co/Al interfaces. Interestingly, the in-
sertion of a thin CoOx layer between Pt and Co results
in very strong PMA of the Pt/CoOx/Co/AlOx series,
with BeffK ≈ 1.7 T, which is nearly independent on tCoO.
Direct oxidation of Pt, on the other hand, leads to a
reduction of the PMA in PtOx/Co/AlOx compared to
Pt/Co/AlOx.
The amplitude of the damping-like and field-like SOT
varies substantially depending on the oxidation pro-
file, reflecting changes of Ms and SOT efficiency. For
Pt/Co/AlOx, we find that ξ
DL
j and ξ
FL
j peak at 0.14
and 0.07, respectively, upon optimal oxidation of the
Co/Al interface, which corresponds to a maximum of
Ms and minimum oxidation of Co, as confirmed by
XPS. The insertion of a 2 A˚ thick paramagnetic CoOx
layer between Pt and Co nearly doubles ξDLj and
ξFLj , indicating that the overall spin conversion effi-
ciency of Pt/CoOx/Co/AlOx is significantly higher than
Pt/Co/AlOx. Both ξ
DL
j and ξ
FL
j decrease with increas-
ing tCoOx , but appear to level off around 0.15 and 0.12,
respectively, for tCoOx > 4 A˚. This trend suggests that
not only the CoOx layer enhances the transmission of
the spin current generated by the Pt layer and Pt/CoOx
interface [57, 58, 60, 61], but also that the CoOx/Co in-
terface generates an additional spin accumulation that is
independent of tCoOx .
The oxidation of the Pt layer leads to significant oxy-
gen diffusion upon deposition of Co and Al, as confirmed
by XPS and rationalized by the larger enthalpy of for-
mation of Al2O3 and CoO relative to PtO. The inho-
mogeneous oxidation profile of the PtOx/Co/AlOx series
prevents a clear cut determination of ξDLj and ξ
FL
j , which
remain, in any case, significantly smaller than reported
for PtOx/Ni81Fe19/SiO2 [34, 35]. Additionally, the SOT
efficiencies normalized by the electric field are found to
decrease continuously with O2 ratio. These results are
in stark contrast with the SOT efficiency reported in
Refs. 34 and 35, which shows a monotonic increase with
increasing concentration of O2. Possible explanations for
such a discrepancy are discussed in Sec. IV C.
Finally, we proved that the critical current density re-
quired to switch the magnetization of the Co layer scales
linearly with the theoretical current density calculated
using the macrospin approximation, but is smaller by
about one order of magnitude. This difference is at-
tributed to an activated magnetization reversal process
limited by the energy barrier for domain nucleation. The
critical current density of Pt/Co/AlOx is found to de-
pend linearly on BeffK , which is determined by the de-
gree of oxidation of the Co/Al interface. Owing to the
large PMA, switching of Pt/CoOx/Co/AlOx generally re-
quires the presence of a higher in-plane static field rela-
tive to Pt/Co/AlOx. However, even when accounting for
the different in-plane field, the critical current density of
Pt/CoOx/Co/AlOx is lower than expected.
Our results demonstrate the critical impact of interfa-
cial oxidation on the SOT and magnetotransport proper-
ties of HM/FM/Ox trilayers. Taken together with recent
studies [23–28, 30–32, 60, 61], our work shows that de-
vices with strongly improved PMA and charge-to-spin
conversion efficiency might be realized by careful control
of the oxidation of the top and bottom interfaces of the
FM layer.
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Appendix A: Harmonic Hall voltage measurements
The anomalous Hall resistance, magnetic anisotropy,
and SOT effective fields were measured using the har-
monic Hall voltage method [14, 15, 17, 41, 48]. The
method is based on the injection of an ac current I =
I0 cos(ωt) with amplitude I0 and frequency f = ω/2pi,
typically about 10 Hz. As the magnetization oscillates
around its equilibrium state due to the oscillating SOTs,
the Hall resistance varies as RH(t) = RH(B0 + BI),
where B0 is the sum of the external field Bext and ef-
fective anisotropy field BeffK , and BI is the sum of the
current-induced effective fields BDL, BFL, and the Oer-
sted field BOe. In this situation, the Hall voltage can be
written as
VH = I0 cos(ωt)RH(B0 +BI) (A1)
= I0[R
0
H +R
ω
H cos(ωt) +R
2ω
H cos(2ωt)]. (A2)
Here, R0H , R
ω
H , and R
2ω
H are the zeroth, first, and sec-
ond harmonic Hall resistance, respectively. RωH corre-
sponds to the Hall resistance measured in a dc experi-
ment, which is determined by the anomalous Hall effect
(AHE) and planar Hall effect (PHE):
RωH = RAHE cos θ +RPHE sin
2 θ sin(2ϕ), (A3)
where RAHE and RPHE are the AHE and PHE coef-
ficients, respectively, and θ and ϕ are the polar and
azimuthal angles of the magnetization, as defined in
Fig. 1(e) of the main text. The ordinary Hall resistance
is negligibly small in our samples compared with RAHE
and RPHE, and ignored in the following. For samples
with perpendicular magnetic anisotropy (PMA), namely
Pt/Co/AlOx and Pt/CoOx/Co/AlOx, RAHE is given by
half of the difference of the RωH when the magnetization is
up/down at Bext = 0 [Fig. 8(a,b)]. For samples with in-
plane magnetic anisotropy, namely PtOx/Co/AlOx, we
swept Bext out-of-plane up to 2.2 T magnetic field and
estimated RAHE as the intercept of the linear fit of the
RωH with the y-axis [Fig. 8(c)]. Examples of R
ω
H and R
2ω
H
as a function of applied field for samples of the three
series with different oxidation levels are shown in Fig. 8.
1. Measurement of BeffK
The effective magnetic anisotropy field (Eq. 1) is de-
termined from the field dependence of RωH reported in
Fig. 8(a-c). For the samples with PMA, BeffK is given by
BeffK =
∣∣∣∣cosθBcosθ − sinθBsinθ
∣∣∣∣Bext, (A4)
where θB is the polar angle of the applied field, which
is set prior to the measurement, and θ is obtained from
Eq. A3. This equation assumes that the magnetization
behaves as a macrospin in a uniaxial anisotropy field,
which is approximately correct as long as RωH has a re-
versible behavior versus the external field.
All the samples of the PtOx/Co/AlOx series have in-
plane magnetic anisotropy (BeffK <0), which cannot be
estimated using the method described above. An ap-
proximate estimate of BeffK in this series can be obtained
by measuring the field required to saturate the magneti-
zation along the out-of-plane hard-axis. In the macrospin
approximation, such a field corresponds to the sum of the
demagnetizing field and magnetocrystalline anisotropy
field, as given in Eq. 1. The hard axis saturation field
is obtained by the crossing point of the two lines that
fit RωH at high field and in the low field region where the
magnetization coherently rotates from in-plane to out-of-
plane [Fig. 8(c)].
2. Measurement of BDL and BFL
a. Samples with perpendicular magnetic anisotropy
For samples with PMA, the dependence of R2ωH on the
current is conveniently expressed as [14, 41]
R2ωH =[RAHE − 2RPHE cos θ sin(2ϕ)]
d cos θ
dBI
·BI
+RPHE sin
2 θ
d sin(2ϕ)
dBI
·BI +R∇T sin θ cosϕ,
(A5)
where BI = B
DL +BFL +BOe and R∇T is the thermal
resistance due to the out-of-plane temperature gradient
∇T ∝ I20 induced by Joule heating [41]. In principle,
both the anomalous Nernst effect (ANE) and the spin
Seebeck effect can contribute to R∇T . However, in metal
bilayers, the ANE is expected to dominate. In the latter
case, one has R∇T = α∇T/I0, where α is the anomalous
Nernst constant in units of VmK−1. The angle depen-
dent thermal resistance must be subtracted from R2ωH
in order to avoid overestimating the SOTs, as described
later.
In order to measure the first order contributions to
the SOT, it is sufficient to consider the limit of small
oscillations of the magnetization about the out-of-plane
direction (θ ≈ 0◦). In such a case, BDL and BFL are
obtained as follows [15, 48]
BDL,FLθ≈0◦ = −2
∂(R2ωH −R∇T sin θ cosϕ)
∂Bϕ=0◦,90◦
/
∂2RωH
∂B2ϕ=0◦,90◦
,(A6)
where
∂(R2ωH −R∇T sin θ cosϕ)
∂Bϕ=0◦,90◦
is the derivative of R2ωH −
R∇T sin θ cosϕ as a function of external field and
∂2RωH
∂B2
ϕ=0◦,90◦
is the second derivative of RωH as a function of
external field (θ ≈ 0◦, and ϕ = 0◦ for BDL, ϕ = 90◦ for
BFL ). The thermal component R∇T sin θ cosϕ in the
numerator of Eq. A6 must be subtracted from R2ωH prior
to evaluating the fields, as detailed in Sec. A 2 c.
If RPHE  RAHE, Eq. A6 is sufficient to quantify the
SOTs effective fields, which are proportional to the ratio
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FIG. 8. RωH as a function of external field for (a) Pt/Co/AlOx with different tAl, (b) Pt/CoOx/Co/AlOx with different
tCoOx , and (c) PtOx/Co/AlOx with different O2:(Ar+O2) ratios. (d,e) R
2ω
H measured simultaneously with the curves shown
in (a,b). Close ups of the low field behavior of R2ωH for the two systems are shown in the insets. (f) R
2ω
H as a function of
ϕB for PtOx/Co/AlOx, measured simultaneously with the angle scans of R
ω
H shown in the inset of (c). For Pt/Co/AlOx and
Pt/CoOx/AlOx, the external field is applied at angles θB = 86
◦ and ϕB = 0◦. For PtOx/Co/AlOx, the field is applied at
θB = 0
◦. The in-plane angle scans in (f) are performed by rotating the samples in a constant field of 1 T.
of the current-dependent Hall susceptibility and a nor-
malization factor that accounts for the tendency of the
magnetization to remain aligned along the easy axis. If
RPHE cannot be ignored, a correction to Eq. A6 is re-
quired [14, 48], which gives
BDL,FL =
BDL,FLθ≈0◦ ± 2rBFL,DLθ≈0◦
1− 4r2 , (A7)
where r = RPHE/RAHE. Figure 9 shows that RPHE is rel-
atively large in all the samples investigated in this work,
with the larger values found in the PtOx/Co/AlOx se-
ries. The overall trend of RPHE is similar to that of RAHE
discussed in Sect. III of the main text, despite the dif-
ferent origin of the PHE and AHE. The similar behavior
is attributed to the fact that both effects depend on the
volume fraction and Ms of metallic Co as well as on the
current distribution in the multilayer structure. In most
samples, r attains values between 0.3 and 0.4, such that
Eq. A7 is used to determine the fields BDL and BFL.
b. Samples with in-plane magnetic anisotropy
In order to quantify the SOTs in samples with in-plane
magnetic anisotropy we performed harmonic Hall voltage
measurements by rotating the sample in the xy plane
and applying a sufficiently large external field (with vari-
ous amplitudes) to ensure the magnetic saturation of the
sample is along the field direction. In this geometry, as-
suming that the in-plane magnetization is isotropic, R2ωH
is given by [41]:
R2ωH =(RAHE
BDL
Bext −BeffK
+R∇T ) cosϕ
+ 2RPHE(2 cos
3 ϕ− cosϕ)B
FL +BOe
Bext
.
(A8)
By symmetry, there are two contributions to the above
signal, the first one is proportional to cosϕ and depends
on both the DL-SOT and thermal voltage, and the sec-
ond one is proportional to 2RPHE(2 cos
3 ϕ − cosϕ) and
depends on the FL-SOT. The fields BDL and BFL are
found using the fitting procedure described below.
c. Determination of R∇T
We fit Eq. A8 as a function of ϕ by the sum of two
functions proportional to cosϕ and (2 cos3 ϕ − cosϕ)
and obtain two coefficients, (RAHE
BDL
Bext−BeffK
+R∇T ) and
BFL+BOe
Bext
. This procedure is repeated for each value of
Bext. Plotting these two coefficients as a function of
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FIG. 9. RPHE in (a) Pt/Co/AlOx, (b) Pt/CoOx/Co/AlOx, and (c) PtOx/Co/AlOx. The data shown as solid and open
symbols in (c) were obtained, respectively, 2 and 14 days after the deposition of PtOx/Co/AlOx.
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FIG. 10. Separation of BDL and thermal signal from R2ωH for
Pt(5)/Co(1)/AlOx. Plot of the cosine component of R
2ω
H as
a function of 1
Bext−BeffK
measured in a field scan performed at
ϕ = 45◦ with current density 1.0× 107 A/cm2. The intercept
(green dot) of the linear fit is the thermal resistance R∇T .
1
Bext−BeffK
and 1Bext yields a linear curve with slopes cor-
responding to BDL and BFL, respectively. Finally, the
intercept of (RAHE
BDL
Bext−BeffK
+ R∇T ) vs. 1Bext−BeffK
gives
the thermal resistance R∇T [41]. We note that here BFL
is the sum of SOT and Oersted field contributions. The
latter is calculated as BOe = µ0jPttPt/2, where jPt is
the current density flowing in Pt and tPt is the Pt thick-
ness [14, 80]. For a current density of 1.0 × 107 A/cm2
in Pt(5)/Co(1)/AlOx we thus find B
Oe = 0.31 mT. Note
that Fig. 6 in the main text includes BOe as well.
Equation A8 and the analysis described above are
equally valid for samples with PMA as long as the mag-
netization is fully saturated in-plane by applying an ex-
ternal field Bext larger than B
eff
K . Alternative to the angle
scan measurements, which are time consuming, an easier
way to determine the thermal resistance and BDL in sam-
ples with PMA is by performing an in-plane field sweep
along ϕ = 45◦ at magnetic saturation (i.e., Bext > BeffK ).
In this measurement, the second term on the right hand
side of Eq. A8 vanishes by symmetry since 2 cos3 ϕ−cosϕ
= 0. After subtracting a magnetically irrelevant offset,
the data are plotted as a function of 1
Bext−BeffK
, which al-
lows one to obtain BDL and R∇T at ϕ = 45◦, as shown
in Fig. 10.
Figure 11 reports the values of R∇T in the three sample
series. We observe that R∇T is approximately constant
in Pt/Co/AlOx, independently of tAl. This behavior dif-
fers from that of the AHE [see Fig. 4(d) in the main text],
which is the electrical counterpart of the ANE. A possi-
ble reason for this discrepancy is the different direction
of the electric field driving the AHE, which is in-plane,
and the thermal gradient driving the ANE, which is out-
of-plane. Moreover, since the current distribution is not
significantly altered by the oxidation of the top interface,
we expect that the thermal gradient remains approxi-
mately constant in this series. In Pt/CoOx/Co/AlOx,
we find that R∇T varies by less than 20% as a function
of tCoOx , similar to the AHE [see Fig. 4(e) in the main
text]. This small variation likely reflects the fact that
neither the current distribution nor the interfaces vary
significantly in this system. On the other hand, R∇T
changes strongly as a function of the O2:(Ar+O2) ratio
in PtOx/Co/AlOx, closely reflecting the trend observed
for the AHE [see Fig. 4(f) in the main text]. We believe
that oxygen migration in this system disrupts the lay-
ered structure of the conducting elements, resulting in a
more isotropic electrical and thermal conductivty com-
pared to Pt/Co/AlOx. Interestingly, the sign of R∇T is
inverted in PtOx/Co/AlOx relative to Pt/Co/AlOx and
Pt/CoOx/Co/AlOx. We have no clear explanation for
this effect, other than surmising the inversion of the ther-
mal gradient in PtOx/Co/AlOx, which might be due to
a change of the current distribution in the Pt and Co
layers relative to Pt/Co/AlOx and Pt/CoOx/Co/AlOx.
15
 X
(a) (b) (c)Pt/Co/AlOx Pt/CoOx/Co/AlOx PtOx/Co/AlOx
FIG. 11. R∇T in (a) Pt/Co/AlOx, (b) Pt/CoOx/Co/AlOx, and (c) PtOx/Co/AlOx. The measurements have been performed
by using the in-plane field sweep method at ϕ = 45◦ for the samples with PMA (a,b) and the angle scan method for the samples
with in-plane magnetic anisotropy (c). The data shown as solid and open symbols in (c) were obtained, respectively, 2 and 14
days after the deposition of PtOx/Co/AlOx.
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